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Abstract
The diagenetic and metamorphic grade of low temperature processes which affected the pelitic materials of the Central Sector 
of the Ossa-Morena Zone is determined by electron microscopy and X-ray diffraction criteria. Cadomian metamorphic processes 
produced at least greenschist facies conditions even in the lowest grade rocks of the Serie Negra. Post-Cadomian rifting affected the 
early Paleozoic sedimentary basin giving way to an extensional metamorphism characterised by a burial pattern, which represents 
the earliest response to depth-controlled diagenetic and very low-grade metamorphic reaction progress caused by basin subsidence. 
No significant metamorphic overprint was produced by Variscan deformation, as shown by the preservation of typically sedimentary 
minerals and early-to-late diagenetic values of KI in Devonian and Carboniferous sediments. 
Keywords: crystal-chemical parameters, low-grade metamorphism, Precambrian, Cambrian, Devonian-Carboniferous sediments, 
SW Spain.
Resumen
Se han determinado los procesos diagenéticos y metamórficos de baja temperatura que afectan a los materiales pelíticos del sector 
central de la Zona de Ossa Morena, mediante microscopía electrónica y difracción de rayos-X. En este sector, los procesos meta-
mórficos cadomienses llegaron a alcanzar las condiciones de facies de esquistos verdes como mínimo, aún en las rocas de menor 
grado de metamorfismo de la Serie Negra. La fase de rifting post-cadomiense afectó a la cuenca  sedimentaria durante el Paleozoico 
inferior, produciendo un metamorfismo extensional de enterramiento que representa la respuesta inicial al progreso de las reacciones 
diagenéticas y metamórficas de grado muy bajo, controladas por la profundidad  debida a la subsidencia de la cuenca. Sin embargo, 
la deformación varisca no ha producido un metamorfismo significativo, como lo demuestra la conservación de minerales típicamen-
te sedimentarios y los valores  diagenéticos del índice de Kübler que presentan los materiales devónicos y carboníferos.
Palabras Clave: parámetros cristalquímicos, metamorfismo de grado bajo, Precámbrico, Cámbrico, sedimentos devónico-carboní-
feros, SW España.
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1. Introduction
The structural, paleogeographic, and petrological char-
acteristics of the Ossa-Morena Zone (ZOM) have been 
studied thoroughly in the last decades by numerous authors 
(e.g. Julivert et al., 1974; Apalategui et al., 1990; Liñán et 
al., 1995; Bandrés et al., 2002; Expósito et al., 2002; and 
references therein). It consist of a wide range of volcanic, 
plutonic, and metamorphic rocks. All were formed over 
a long period of time, from the Late Precambrian to the 
Carboniferous. Tectonothermal events related to the Ca-
domian orogeny are well preserved and in large areas the 
Paleozoic cover shows only minor Variscan deformation 
and metamorphism (Bandrés et al., 2002).  
The low-grade metamorphic rocks of the ZOM which 
are subject of the present work fundamentally consist of 
greywackes, shales, and slates. Anfibolites and marbles 
may occasionally also be present. The metamorphic grade 
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is variable, from diagenetic to greenschist facies.   
In these rocks, the mineral associations are usually 
not limiting assemblages and consequently the pressure/
temperature (P/T) conditions are difficult to determine. 
For this reason, the measurement of the crystalchemical 
parameters of phyllosilicates is essential to approach an 
estimate of these  conditions.  
In order to obtain a continuous record of the metamor-
phic evolution in the ZOM, different areas of the Mon-
esterio Domain, in the central sector of the ZOM, were 
studied. The most characteristic sequences were those 
from the oldest area, which show the highest metamorphic 
grade, and are represented by the so-called “Serie Negra” 
(Alía Medina, 1963). The age of these rocks is Upper Prot-
erozoic and they consist of a high-grade anatectic complex 
at the base, a sequence of biotite-schists, black quartzite 
and carbonates with anfibolites and serpentine intercala-
tions, and an alternation of slates and greywackes with 
abundant volcanic input (Eguíluz and Ábalos, 1992). The 
Precambrian-Lower Cambrian limit corresponds to the 
Malcocinado Formation, which presents abundant clastic 
components and interbedded tuffs and rhyolitic lavas. This 
formation is considered to be Lower Cambrian (Bandrés 
et al., 2002) or Vendian (Expósito et al., 2002). The low-
grade metamorphism of the “Serie Negra” was  studied by 
López Munguira et al. (1991). 
Lower Palaeozoic rocks outcrop extensively in the Zafra 
anticline. A complete sequence of Cambrian age, formed 
by an alternation of sandstones, shales, and calcareous and 
volcanic rocks (acidic and basic) may be found on its north 
flank. López-Munguira et al. (1998) described the meta-
morphic evolution of these Cambrian rocks.
Fig. 1.- Geological setting of the Ossa Morena Central Sector (modified from Expósito et al., 2002) and sequence location. 1: Undifferentiated 
igneous rocks. 2: Precambrian rocks “Serie Negra”. 3: Cambrian rocks. 4: Devonian-Carboniferous  materials. 5: Tertiary (T).  FC: Fuente de 
Cantos sequence (“Serie Negra”); S: Salvatierra sequence (“Serie Negra”); CA: Cambrian sequence; D-C: Devonian-Carboniferous sequence; 
LM: Los Santos de Maimona; JC: Jerez de los Caballeros.
Fig. 1.- Esquema geológico y localización de las secuencias estudiadas del sector central de la Zona de Ossa Morena (modificado de Expósito et 
al., 2002). 1: rocas ígneas indiferenciadas. 2: rocas precámbricas “Serie Negra”.  3: rocas cámbricas.  4: materiales devónico-carboníferos. 5: 
Terciario (T). FC y S: secuencias de Fuente de Cantos y Salvatierra respectivamente, en la Serie Negra; CA: secuencia cámbrica. D-C; materiales 
devónico-carboníferos; LM: Los Santos de Maimona; JC: Jerez de los Caballeros. 
110 López-Munguira and Nieto García  / Journal of Iberian Geology 30 (2004) 109-118 111A. López-Munguira and F. Nieto García / Journal of Iberian Geology 30 (2004) 109-118
Centro de Instrumentación Científica, University of Gra-
nada (C.I.C.). Minerals were recognized and chemically 
analysed by an energy dispersive X-ray (EDX) system 
LINK QX 2000. 
Phyllosilicates were analysed in a four-spectrometer 
CAMECA-CAMEBAX SX-5020 electron microprobe at 
the C.I.C., with 20kV, 20nA, and a 5-8μm beam diameter 
as analytical conditions and with synthetic oxides as well 
as natural silicate minerals (albite, orthoclase, and wollas-
tonite) as standards.
Samples for the Transmission Electron Microscopy 
(TEM) studies were selected from uncovered thin sections. 
The sections were ion-thinned using a Gatan 600 ion mill 
and carbon-coated. At the C.I.C., we used a Philips CM-20 
scanning transmission electron microscope (STEM), oper-
ating at 200 kV with a point-to-point resolution of 0.27 nm 
equipped with an ultrathin-window EDX detector. 
A more detailed description of the methods and tech-
niques used can be found in López-Munguira (1987); 
López-Munguira et al. (1991, 1998, and 2002); López-
Munguira and Nieto (2000).  
3. Mica crystal-chemical parameters 
The Kübler Index (KI) is a measure of the X-ray dif-
fraction mica peak width at 10 Å. Its value is an indirect 
measure of the crystalline domain size of mica packets 
(see Warr and Nieto, 1998) which depends on numerous 
factors, temperature being the most important. It has been 
used to provide a good approximation to the metamorphic 
grade of many geological terrains (Kisch,1987; Merriman 
and Peacor, 1999).   
New data on Upper Devonian and Carboniferous materi-
als in the Fuente del Maestre area (Valenzuela and Palacios, 
1990) were collected in order to complete the metamorphic 
characterisation. A sequence formed by an alternation of 
fine-grained sandstones and quartz-rich mudstones (with 
coarser grain at the base of the sequence) was sampled; 
reef carbonates and dacite, and andesite-basalt lava-flow 
are also interbedded (Odriozola et al., 1983).
The location of the sequences is shown in Figure 1 to-
gether with the geological and geographic setting of the 
Ossa Morena Central Sector  (modified from Expósito et 
al., 2002).
In the present work, the low-grade metamorphic condi-
tions in the metapelites of the ZOM, are characterized in 
non-limiting assemblages based on the crystal-chemical 
parameters, chemical composition, nanostructure, and 
polytypes of the phyllosilicates.
2. Methods 
X-ray analyses were made on all samples using a PW 
1700 and a PW1710 powder diffractometer with Cu-Kα 
radiation, a graphite monochromator, and an automatic 
divergence slit.  The <2μm and <20μm fractions were 
obtained by sedimentation through a column of water. The 
oriented aggregates were prepared by sedimentation on 
glass slides, treated with ethylene glycol at 60-70ºC for 3 
days, and heated at 550ºC for 1 h. 
In the pelitic samples, the Kubler index (KI), the basal 
spacing and the intensity ratios of the (00l) mica peaks 
were measured. Sample preparation and experimental con-
ditions for the KI measurements followed IGPC 294 IC 
Working Group recommendations (Kisch, 1991). Our  KI 
measurements (y) were transformed into C.I.S. values (x) 
according to the equation  y = 0.674x+0.052, (r=0.999), 
obtained in our laboratory using the international stand-
ards of  Warr  and Rice (1994). The anchizone limits for 
C.I.S. values are 0.25 and 0.42º  Δ 2θ. 
The b parameters of the mica and chlorite lattices were 
obtained from the (060) peak measured on slices of rock 
cut normal to the sample foliation. Such slices are essen-
tially perpendicular to the (00l) planes of phyllosilicates 
and thus avoid interference from peaks other than (060) 
(Sassi and Scolari, 1974; Guidotti and Sassi, 1976; Frey, 
1987). For all the spacing measurements, quartz was used 
as an internal standard. The experimental conditions were: 
distance between measurement points  = 0.005 º 2θ; meas-
urement time at each point = 1 s; d
001
 was obtained from 
the fifth peak of mica. 
Polished thin sections, coated with carbon, were studied 
by back-scattered electron microscopy, using a ZEISS 
DSM 950 scanning electron microscope (SEM) at the 
Fig. 2.- Representative backscattered image showing the texture of 
fine-grained sandstones of the anchizone sample (LP-6, Lower Cam-
brian). Q: Quartz. AB: Albite. FK: K-feldspar. MS: mica.
Fig. 2.- Imagen de barrido, representativa de las areniscas de grano 
fino, perteneciente a una muestra de anquizona (LP-6, Cámbrico 
inferior).
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The b parameter of a mica depends essentially on its 
phengite content. Phengite substitution in white micas 
is directly related to pressure (Massonne and Schreyer, 
1987). Guidotti and Sassi (1986) calibrated the variation of 
this parameter in the non-limiting assemblage white-mica 
+ albite as a semiquantitative geobarometer within the P-T 
field of the lower greenschist facies.  
The mica basal spacing (d
001
) is related to the Na con-
tent, which is directly proportional to temperature. How-
ever, if the degree of paragonitization of the white-mica is 
very low, the mica basal spacing is basically a function of 
phengite content (Guidotti et al., 1992).  
The chemical composition of chlorite has been also used 
as an indicator of temperature. The geothermometric for-
mulae given by Cathelineau and Nieva (1985) and  Cathe-
lineau (1988) use the content in certain elements of the 
chlorite (Fe, Mg, Al). The chemical composition has also 
been used to obtain the smectite-layer proportion in the 
chlorite structure. However, López-Munguira et al. (1991, 
2002) have shown that the influence of the rock compo-
sition on the chlorite composition is very pronounced in 
low-grade metamorphism. 
4. Results 
4.1 Precambrian Rocks. Serie Negra
Quartz + muscovite + albite ± chlorite is the most usual 
mineral association. Matrix grains are very fine (<10 μm), 
but samples frequently contain grains of 20-40 μm. Phyllo-
silicate porphyroblasts, mica, and/or chlorite, are common 
with a variable size, but far larger than the matrix grains, 
reaching up to 200-300 μm. Generally these grains are 
detrital in origin. Biotite is frequently present and garnet 
has been recognized in some samples. The paragenesis of 
the interbedded basic rocks (López Munguira et al., 1991) 
includes actinolite and occasionally hornblende. 
The values of KI are very homogeneous with KI = 
0.22(2) º2θ, i. e., all the samples have clearly reached at 
least epizone conditions.  No differences between air-dried 
and ethylene glycol samples were found either in the width 
of the mica peaks or in their basal-peak intensity ratios. 
The mean values obtained for d
001
 and b in the micas indi-
cate their phengitic character (Table 1). Polytype of  micas, 
determined mean XRD, are systematically 2M.  
Fig. 3.-Lattice-fringe images showing typical texture of phyllosilicate of the Cambrian clastic rocks. A: Epizone sample (ZL-11, Basal Cambrian). 
C: Diagenetic sample (C90-7, Middle-Upper Cambrian).
Fig. 3.- Imagen reticular mostrando la textura típica de los filosilicatos en lrocas detríticas cámbricas. A: muestra de  epizona (ZL-11, Cámbrico 
basal). C: muestra diagenética (C90-7, Cámbrico medio-superior) 
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The electron microprobe data gave a Na/(Na+K) ratio 
~0.05 and a Si/Al
total
 ratio between 1.25 and 1.50, which in-
dicates a very low paragonitic content of the white-micas 
together with a moderate but significant phengitic compo-
nent compatible with the b values obtained by XRD. The 
composition of the chlorites (Mg = 2.8 and Fe = 1.6 a.f.u.) 
indicates that they are ferric clinochlore.  At the top of the 
sequence, the chemical composition of the chlorites is 
slightly poorer in Mg than at the base of the sequence.
All the data for the Serie Negra are coherent with a mini-
mal metamorphic grade equivalent to greenschist facies.  
4.2 Cambrian materials 
The Cambrian materials are represented by three well-
differentiated tracts. At the base, the Torreárboles Forma-
tion consists of fine-grain sandstones (arkoses) with a 
mineral composition of quartz + plagioclase + white-mica 
± haematites and occasional chlorite; their age is earliest 
Cambrian. The next tract (Alconera and La Lapa Forma-
tions, Early Cambrian), is formed by carbonate rocks and 
a terrigenous sequence of fine-grained sandstones and 
shales with quartz + albite + white mica + berthierine. At 
the top, the Playon Beds (Middle-Upper Cambrian) con-
sist mainly of shales, with quartz + albite + white mica ± 
chloritic phases (berthierine and chlorite) and interbedded 
acidic and basic volcanic rocks. 
The backscattered electron images of clastic rocks ob-
tained by SEM showed elongated phyllosilicate crystals 
both surrounding quartz and plagioclase grains and in the 
matrix.  No differences between samples corresponding to 
various stratigraphic levels were seen at SEM scale. Figure 
2 shows the typical texture of a sample corresponding to 
the Lower Cambrian: large crystals of quartz, feldspar, and 
muscovite are very abundant. In the interstices between 
these detrital grains, a fine matrix, consisting of phyllosili-
cates, may be recognized, but it is poorly resolved.  
The KI evolution indicates a temperature decrease from 
epizone at the bottom of the sequence to diagenesis con-
ditions at the top. Pressure is intermediate in the Lower 
Cambrian, as deduced from the  b parameters (Table 1).
The TEM study showed that the samples have a similar 
texture up to the low-magnification scale. Differences be-
tween samples are only recognized at lattice scale level: 
the size of the crystalline domains of micas progressively 
increases from diagenetic through anchizone to epizone 
(Fig. 3). The evolution in size of mica packets has been 
proved to be the main reason for the progressive change 
in the KI during very-low and low grade metamorphism 
(Warr and Nieto, 1998; Merriman and Peacor, 1999). 
Chlorite and/or berthierine packets are related to mica 
packets (Figure 4). In some cases a transformation of 
detrital grains (e.g. biotite) into newly-formed micas or 
chlorites may be recognized (Fig. 5).
Coexisting 1Md, 1M, and 2M polytypes were recognized 
in dioctahedral K-rich micas (Fig. 6), together with long-
period polytypes composed of 4, 5, and 6 layers (Fig. 7). 
Fig. 4.- Relation between chlorite and/or berthierine (14/7 Å), and mica 
(10 Å)  packets. Diagenetic sample (C91-25). Ms: dioctahedral K-
mica. Ch: chlorite.
Fig. 4.- Relación entre paquetes de clorita y/o bertierina (14/7 Å) y mica 
(10 Å). Muestra diagenética (C91-25). Ms: mica potásica dioctaédri-
ca. Ch: clorita.
Table 1.- Mean values of crystal-chemical parameters of the studied 
sequences. KI: Illite crystallinity. SN = Precambrian rocks. Serie 
Negra. C = Cambrian materials, BC: Basal Cambrian, LC: Lower 
Cambrian, MUC: Middle-Upper Cambrian. b and d
001
 in Å. KI in Δ 
º2θ. EG: ethylene-glycol treatment. 
Tabla 1.- Valores medios de los parámetros cristaloquímicos de las 
secuencias estudiadas. KI: índice de Kübler (cristalinidad de la ilita). 
SN: rocas precámbricas. Serie Negra. C: materiales cámbricos, BC: 
Cámbrico basal, LC: Cámbrico inferior, MUC: Cámbrico medio-su-
perior.  b y d
001
 en Å. KI en Δ º2θ. EG: tratamiento con etilen-glicol.
  KI-EG b d001
SN Fuente de Cantos 0.22(2) 9.020(23) 9.990(6)
 Salvatierra 0.22(7) 9.021(14) 9.980(5)
 BC 0.25(4) 9.033(06) 9.996(8)
C LC 0.38(5) 9.011(05) 9.981(7)
 MUC 0.50(7) 8.997(05) 9.993(8)
 Devonian* 0.82(16) 8.995(04) 9.978(17)
 Carboniferous* 0.98(36) 9.002(05) 10.001(10)
( ): standard deviation,  *: new data
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The chemical compositions of the white micas determined 
by AEM are highly variable on the sample level, i.e., from 
grain to grain. In the anchizone and the diagenetic zone 
they include both illitic (interlayer population around 0.8 
a.f.u) and phengitic components (0.15 a.f.u of Mg and 0.13 
a.f.u of Fe). In contrast, the illite component is absent in 
the epizone 
Berthierine, trioctahedral chlorite (chamosite), sudoite, 
and corrensite coexist in one of the diagenetic zone sam-
ples. Berthierine and chamosite have the same chemical 
composition.
4.3. Devonian-Carboniferous sedimentary rocks
Devonian-Carboniferous sedimentary rocks are pelites 
with a mineral association including quartz, plagioclase, 
illite, and chlorite at the base. At the top, the major compo-
nents are quartz, plagioclase, calcite, and illite (Table 2), 
and pelite materials alternate with calcareous and volcanic 
rocks. Comparison between diagrams obtained before and 
after ethylene-glycol treatment showed clear differences 
for the mica peaks (Fig. 8 and Table 2), which indicates the 
presence of minor swelling layers (smectite) interstratified 
within the illite layers.
There are only small differences in the KI values between 
Devonian and Carboniferous samples (Table 1 and 2). For 
both cases diagenetic conditions may be deduced, with an 
average value = 0.82 º2θ for Devonian pelites, and = 0.98 
º2θ for Carboniferous ones. There are Carboniferous sam-
ples with KI values > 1.0 °2θ, which indicates conditions 
in the limit between early and late diagenesis. In both the 
Devonian and Carboniferous samples, the scatter of the KI 
values is very significant (Table 2), which is characteristic 
of populations of micas with a very low degree of matura-
tion. The presence of illite/smectite mixed layers together 
with these KI values indicates that late-diagenetic condi-
tions have not been surpassed in these materials. The b 
parameter of the samples is coherent with low-pressure 
conditions in both cases.   
The mean Fe content of chlorite from the Devonian 
samples, obtained from the b
 
parameter value, is around 
2.5 a.f.u. 
5. Discussion  
Most of the clastic rocks from diagenesis up to green-
schist facies conditions lack grade criteria due to the 
absence of changes in their mineral paragenesis and non-
equilibrium genetic conditions. This has precluded the use 
of valid geothermometers and geobarometers. However, 
shales, slates, and weakly metamorphosed sandstones are 
widely distributed in the Ossa-Morena Zone. Therefore 
Samples Mineralogy      b d001  KI  
Devonian Q Feld Mica Chl Cc CML Chlorite Mica Mica Fe Chl Air EG
Fm1-1 x x x x  9.282 8.998       9.9607 2.1 0.75 0.59
Fm3 x x x x  9.299 8.995       9.9829 2.6 0.66 0.58
Fm6 x x x x x  9.304 8.998       9.9855 2.8 1.04 0.43
Fm8 x x x x t  9.295 8.990       9.9829 2.5 0.81 0.38
Mean       9.295 8.995 9.9780 2.5 0.82 0.50
std       0.009 0.004 0.0116 0.3 0.16 0.11
Carboniferous        
Fm10 x x x x t   9.001       9.9958  0.74 0.61
Fm14 x x x t   9.009     10.0114  1.11 0.72
Fm16 x x x x x   9.001   0.56 0.43
Fm18 x x x x x  8.995   0.72 0.61
Fm23 x x x x x     1.18 0.66
Fm24 x x x x x         9.9907  0.89 0.71
Fm25 x x x x x       10.0062  1.63 0.55
Fm28 x x x  x x      0.74
Mean  9.002 10.0010  0.98 0.63
std        0.006 0.0095  0.36 0.10
Table 2.- Mineral composition and crystalchemical parameters of Devonian and Carboniferous sedimentary rocks. Q: quartz. Feld: feldspars. Chl: 
chlorite. Cc: calcite. CML: chlorite mixed layers. b and d
001
 in Å. KI in Δ º2θ. Air: air-dried. EG: ethylene-glycol treatment. 
Tabla 2.- Composición mineral y parámetros cristaloquímicos de los sedimentos devónicos y carboníferos. Q: cuarzo. Feld: feldespatos. Chl: 
clorita. Cc: calcita. CML: interestratificados con clorita. b y d
001
 en Å. KI en Δ º2θ. Air: muetra sin tratar. EG: tratamiento con etilen-glicol. 
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Fig. 5.- Biotite/muscovite solution/neoformation process in the an-
chizone sample. SAED patterns (inset) show muscovite 2M polytype 
and disordered biotite. Muscovite and biotite crystals were identi-
fied by AEM analysis and reflection intensities. Ms: muscovite. Bi: 
biotite.
Fig. 5.- Proceso de solución/neoformación de biotita/moscovita en una 
muestra de la anquizona. La difracción de electrones (SAED) mues-
tra el politipo 2M de la moscovita y el desordenado de la biotita. Los 
cristales de moscovita y biotita se han identificado mediante microa-
nálisis (AEM) y relación de intensidades (DRX). Ms: moscovita. Bi: 
biotita.
Fig. 6.- Lattice-fringe image showing 20 Å spacing (2M polytype) 
between 10 Å spacing (1M polytype) packets. Epizone sample (ZL-
11).
Fig. 6.- Imagen reticular mostrando paquetes espaciados 20 Å (politipo 
2M) entre paquetes espaciados 10 Å (politipo 1M). Muestra de la 
epizona (ZL-11).
studies based on microtextures at the mineral lattice scale 
are necessary in order to decipher changes in metamorphic 
conditions (Merriman and Peacor, 1999). Here we have 
integrated published information (López Munguira, 1987; 
López Munguira et al., 1991, 1993, 1996, 1998, 2002; 
López Munguira and Nieto, 2000) with new data from 
previously unstudied  stratigraphic levels. 
Deformation episodes in the Ossa-Morena Zone have 
traditionally been attributed to the Cadomian and Varis-
can orogenies (Apalategui et al., 1990; Liñán et al., 1995; 
Bandrés et al., 2002; Expósito et al., 2002, and references 
therein). Devonian and Carboniferous sedimentary rocks 
were included in this study to clearly isolate the superim-
posed effects of the Variscan orogeny on previously meta-
morphosed materials. The results are conclusive. Mineral 
composition, including illite/smectite mixed-layers, KI 
values corresponding to a diagenetic zone, and a very 
low phengitic component in micas as deduced from the b 
parameter, are perfectly coherent with a lack of significant 
metamorphic effects. It can therefore be concluded that 
Variscan orogeny has not added any significant metamor-
phic overprint to previously metamorphosed materials in 
the central sector of the Ossa-Morena Zone. 
In contrast, in the “Serie Negra” the metamorphic grade 
reached greenschists facies conditions even in the lower 
metamorphic grade rocks. Micas show KI values that 
correspond to minimum crystallinity values i. e., perfect 
crystallinity, and can  not be discriminated from each 
other. Both the Si/Al
total
 ratio and the b parameter indicate 
an intermediate phengite content in mica, indicative of a 
pressure of about 5 kb.
The empirical formulation of Cathelineau (1988) which 
relates octahedral Al content in chlorite to metamorphic 
temperature would indicate a value of around 350ºC. Nev-
ertheless, it has been demonstrated that the decisive factor 
in the chemical composition of chlorite is the composi-
tion of the rock (López-Munguira et al., 2002) and that 
temperature should only be considered a modifiying factor 
(López-Munguira et al., 1991). 
As a whole, Paleozoic materials show a progressive 
decrease of mica crystallinity from the basal Cambrian 
(epizone) to the Carboniferous sequence (early-to-late dia-
genesis). This pattern of very-low grade metamorphism, 
showing a progressive increase in grade with stratigraphic 
age, has been proposed by Merriman and Frey (1999) as 
characteristic of an extensional setting. They suggest that 
a burial pattern represents the earliest response to depth-
controlled diagenetic and very low-grade metamorphic 
reaction progress caused by basin subsidence. Robinson 
(1987) distinguished two contrasting settings as respon-
sible for the pressure-temperature-time paths that char-
acterize the transition from diagenesis to metamorphism. 
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Fig. 8.- X-ray diagram of illite + illite/smectite mixed layer reflection 
(~10 Å), showing both the air-dried and ethylene-glycol (EG) treat-
ments.  Carboniferous sample (Fm25).
Fig. 8.- Diagramas de DRX mostrando la reflexión de ~10 Å correspon-
diente a ilita + interestratificado ilita/esmectita. Air-dried: muestra sin 
tratar.  EG: muestra tratada con etilen-glicol. Secuencia carbonífera 
(muestra Fm25). 
Such an extensional setting for the very low-grade meta-
morphism that affected the Cambrian sedimentary rocks 
is compatible with the characteristics of volcanism, of al-
kaline affinity, which has been attributed to an extensional 
passive continental margin setting (Sagredo and Peinado, 
1992). Bandrés et al. (2002) suggested that the compres-
sive Cadomian orogenic processes were rapidly followed 
by crustal relaxation and by thinning responsible for post-
Cadomian rifting and formation of early Paleozoic sedi-
mentary basins.
In conclusion, Cadomian deformation was responsible 
for the highest-grade and most significant metamorphic 
overprint in the Ossa-Morena Zone. This metamorphic 
process reached greenschist facies conditions even in the 
least affected rocks. Subsequently, a very-low grade ex-
tensional metamorphism or diastathermal metamorphism, 
affected the Cambrian materials during post-Cadomian 
rifting. No significant metamorphic effects were produced 
by Variscan orogeny; in the Devonian and Carbonifer-
ous sedimentary rocks, illite/smectite mixed layers were 
preserved and KI values characteristic of the early-to-late 
diagenesis boundary are present in Carboniferous pelites.
Fig. 7.- Coexistence of  4 and 5 layer polytypes with crystallographic continuity in a small area. Epizone sample (ZL-11).
Fig. 7.- Coexistencia de politipos de 4 y 5 capas con continuidad cristalográfica en áreas pequeñas. Muestra de la epizona (ZL-11). 
While collisional settings, the most widely recognized, 
developed in regions of crustal thickening, extensional 
metamorphism is associated with rift systems, including 
marginal and back-arc basins.
116 López-Munguira and Nieto García  / Journal of Iberian Geology 30 (2004) 109-118 117A. López-Munguira and F. Nieto García / Journal of Iberian Geology 30 (2004) 109-118
Acknowledments
The help of M.M. Abad-Ortega (Centro de Instrument-
ación Científica, University of Granada) with the HRTEM 
and AEM and I. Nieto with the preparation of samples was 
essential for the present work. Financial support was sup-
plied by Research Project BTE2000-0582 of the Spanish 
Ministry of Science and Technology and Research Group 
RNM-0179 of the Junta de Andalucía.
References
Alía Medina, M. (1963): Rasgos Estructurales de la Baja Extre-
madura. Bol. Real Soc. Esp. Hist. Natural (G),  61: 247-262
Apalategui, O., Eguiluz, L., Quesada, C. (1990): Ossa-Morena 
Zone. In: R. Dallmayer D., Martínez-García, E. (eds.) Pre-
Mesozoic Geology of Iberia. Springer Verlag, Berlin: 280-
291
Bandrés, A., Eguiluz, L., Gil Ibarguchi, J. I., Palacos, T. (2002.): 
Geodynamic Evolution of a Cadomian arc region: the north-
ern Ossa-Morena Zone, Iberian massif. Tectonophysics, 352: 
105-120. 
Cathelineau, M. (1988): Cation site occupancy in chlorites and 
as a function of temperature. Clay Minerals, 23: 471-485.
Cathelineau, M., Nieva, D. (1985): A chlorite solid solution 
thermometer. The Los Azufres geothermal system (Me). Con-
tributions to Mineralogy and Petrology, 91: 235-244.
Eguiluz, L., Ábalos, B.  (1992): Tectonic setting of Cadomian 
low-pressure metamorphism in the central Ossa-Morena Zone 
(Iberian Massif, SW Spain). Precambrian Res., 56: 113-137.
Expósito, I., Simancas, J.F., González Lodeiro, F., Azor, A., 
Martínez Poyatos, D.J. (2002): Estructura de la mitad septen-
trional de la Zona de Ossa Morena: Deformación en el bloque 
inferior de un cabalgamiento cortical de evolución compleja. 
Rev. Soc. Geol. Esp., 15 (1-2): 3-14.
Frey, M. (1987): Very low-grade metamorphism of clastic sedi-
mentary rocks. In: Frey, M. (ed.) Low Temperature Metamor-
phism.  Blackie Press, Glasgow: 9-58. 
Guidotti, C. V., Sassi, F. P. (1976): Muscovite as a petrogenetic 
indicator mineral in pelitic schist. N. Jb. Abh., 127: 97-142.
Guidotti, C. V., Sassi, F. P. (1986): Classification and correla-
tion of metamorphic facies series by mean of muscovite b
0
 
data from low-grade metapelites. N. Jb. Miner. Abh., 153: 
363-380.
Guidotti, C. V., Mazzoli, C., Sassi, F. P., Blacoe, J. G.  (1992): 
Compositional controls on the cell dimensions of 2M1 musco-
vite and paragonite. Eur. J. Miner., 4: 283-297. 
Julivert, M., Fontboté, J. M., Ribeiro, A., Conde, L. (1974):  
Mapa Tectónico de la Península Ibérica y Baleares,  Instituto 
Geológico y Minero de España, Madrid, 113 p.
Kisch, H. (1987): Correlation between indicators of very low-
grade metamorphism. In: Frey, M. (ed.): Low Temperature 
Metamorphism. Blackie Press, Glasgow: 227-300.
Kisch, H. (1991):  Illite crystallinity: recommendations on sam-
ple preparation, X-ray diffraction setting, and interlaboratory 
samples. J. Metamorphic Geol., 9: 665-670.  
Liñán E., Gámez-Vintaned, J. A., Palacios, T., Álvaro, J., Gonza-
lo, R., Mayoral, E., Moreno-Eiris, E., Perejón, A., Quesada, 
C.,  Sánchez-García, T. (1995): The Cambrian of the Alconera 
Unit. Neoproterozoic-Cambrian Transet of Sierra Morena and 
Montes de Toledo. Pre-Conference Field Guide. In: Annual 
IGCP Project 319 Meeting, Regional IGCP Project 320 Meet-
ing and XIII Geological Meeting on the West of Iberia Penin-
sula. Univ. Salamanca: 9-21.
López-Munguira, A. (1987): Mineralogía y Geoquímica de 
las rocas metamórficas precámbricas de las zonas de Ossa 
Morena y Centro Ibérica (Macizo Hespérico Meridional). 
Tesis Doctoral. Universidad de Granada. 234 p.
López-Munguira, A., Nieto, F., Sebastian-Pardo, E., Velilla, N. 
(1991): The composition of phyllosilicates in Precambrian, 
low-grade-metamorphic, clastic rocks from the Southern 
Hesperian Massif (Spain) used as an indicator to metamorphic 
conditions. Precambrian Research, 53: 267-279.
López-Munguira, A., Nieto, F., Sebastian-Pardo, E. (1993): 
Caracterización de las pizarras cámbricas de la Unidad Alcon-
era (Zona de Ossa Morena). Su utilidad como indicadores de 
las condiciones metamórficas.  Geogaceta,  13: 69-71. 
López-Munguira, A., Morata, D., Nieto, F. (1996): Geoquímica 
de los materiales pelíticos cámbricos al noroeste de Zafra 
(Badajoz).  Geogaceta,  22: 149-152.
López-Munguira, A., Nieto, F., Morata, D. (1998): Metamorphic 
evolution from diagenesis to epizone in Cambrian formations 
from NW Zafra (Ossa-Morena Zone, SW Spain).  Neues Jahr-
buch für Mineralogie, 174: 131-157.
López-Munguira A., Nieto F. (2000): Transmission electron mi-
croscopy study of very low-grade metamorphic rocks in Cam-
brian sandstones and shales, Ossa-Morena Zone, South-West 
Spain. Clays and Clay Minerals, 48: 213-223.
López-Munguira, A., Nieto, F., Morata, D. (2002): Chlorite 
composition and geothermometry: a comparative  HRTEM/
AEM-EMPA-XRD study of Cambrian basic lavas from the 
Ossa-Morena Zone, SW Spain. Clay Minerals, 37: 267-281.
Massonne, H. J., Schreyer, W. (1987): Phengite geobarometry 
based on the limiting assemblage with K-feldspar, phlogopite 
and quartz. Contrib. Miner. Petrol., 96: 212-224.
Merriman, R. J., Frey, M. (1999):  Patterns of very low-grade 
metamorphism in metapelitic rocks. In: Frey, M., Robinson, 
D. (eds.) Low-Grade Metamorphism. p. 61-107, Blackwell 
Science, Oxford.
Merriman, R. J., Peacor, D. R. (1999): Very low-grade me-
tapelites. Mineralogy, microfabrics and measuring reaction 
progress. In: Frey, M., Robinson, D. (eds.),  Low-grade meta-
morphism. p. 10-58. Blackwell Science. Oxford.
Odriozola J. M., Peón, A., Vargas, I. (1983): Mapa Geológico 
de España E. 1:50.000, Hoja Geológica num. 854 (Zafra). 2ª 
serie, IGME, Madrid.
Robinson, D. (1987): Transition from diagenesis to metamor-
phism in extensional and collisional setting. Geology, 15: 
866-869.
Sagredo J., Peinado M. (1992): Vulcanismo cámbrico de la 
Zona de Ossa Morena. In: Gutiérrez-Marco, J. C. Saavedra, 
J., Rábano, I. (eds.): Paleozoico Inferior de Iberoamérica. 
Salamanca: 567-576.
118 López-Munguira and Nieto García  / Journal of Iberian Geology 30 (2004) 109-118
Sassi, F.P., Scolari, A. (1974): The b
0
 value of the potassic white 
mica in low-grade metamorphism rocks. An application to 
eastern Alps. Tsch. Mineral. Petrol. Mitt., 18: 105-113. 
Valenzuela, J.M., Palacios, T. (1990): Acritarcos de la cuenca 
carbonífera de los Santos de Maimona (Badajoz, España): im-
plicaciones paleoecológicas y  bioestratigráficas. In: Blanca, 
G., Díaz de la Guardia, C., Fernández, M. C., Garrido, M. 
Rodríguez García, M. I., Romero García, A. T. (eds.):  Polen, 
esporas y sus aplicaciones. VII  Simposio de Palinología. 
Granada: 429-436.
Warr, L.N., Nieto, F. (1998): Crystallite size distributions in very 
low-grade metamorphic pelites: A HRTEM and XRD study of 
clay mineral crystallinity index standards. Canadian Miner-
alogist, 36:1453-1474.
Warr, L.N., Rice, A.H.N. (1994): Interlaboratory standadization 
and calibration of clay mineral crystallinity and crystallite size 
data. J. Metamorphic Geol., 12: 141-152.
